Abstract | The myriad of co-stimulatory signals expressed, or induced, upon T-cell activation suggests that these signalling pathways shape the character and magnitude of the resulting autoreactive or alloreactive T-cell responses during autoimmunity or transplantation, respectively. Reducing pathological T-cell responses by targeting T-cell co-stimulatory pathways has met with therapeutic success in many instances, but challenges remain. In this Review, we discuss the T-cell co-stimulatory molecules that are known to have critical roles during T-cell activation, expansion, and differentiation. We also outline the functional importance of T-cell co-stimulatory molecules in transplantation, tolerance and autoimmunity, and we describe how therapeutic blockade of these pathways might be harnessed to manipulate the immune response to prevent or attenuate pathological immune responses. Ultimately, understanding the interplay between individual co-stimulatory and co-inhibitory pathways engaged during T-cell activation and differentiation will lead to rational and targeted therapeutic interventions to manipulate T-cell responses and improve clinical outcomes.
Introduction
Research over the past decade has resulted in substantial evidence that the ultimate outcome of T-cell tolerance versus immunity is critically regulated by the complement of co-stimulatory and co-inhibitory signals received during T-cell activation. These 'second signals' serve to fine-tune the T-cell response, both in terms of its magnitude and the appropriateness of the response, based on the context of antigen presentation. The CD28 (T-cell-specific surface glycoprotein CD28) and CTLA-4 (cytotoxic T-lymphocyte protein 4) pathways were first implicated in tipping the balance between T-cell activation or anergy (whereby the immune system cannot elicit a response, defined as 'antigen-specific non-responsiveness'), although mounting evidence over the past few years has revealed a number of other co-stimulatory pathways that serve to shape the immunological response further. In this Review, we discuss the critical interactions in the provision of T-cell co-stimulation and the functional importance of these interactions in transplantation, tolerance, and autoimmunity. We also describe how therapeutic blockade of these pathways might be harnessed to manipulate the immune response to prevent or attenuat e pathological responses.
The immunoglobulin superfamily
The CD28, CTLA-4, CD80 and CD86 pathways
Balancing signals: mechanistic insights
The best studied pathways of the immunoglobulin superfamily are the CD28 and CTLA-4, and the CD80 (T-lymphocyte activation antigen CD80) and CD86 (T-lymphocyte activation antigen CD86) pathways.
1,2 CD80 and CD86 are expressed on the surface of antigen presenting cells (APCs) and modulate the activity of responding CD4 + and CD8 + T cells by alternatively binding to the CD28 co-stimulator, which is constitutively expressed on the surface of naive and activated T cells, or the CTLA-4 co-inhibitor, which is inducibly expressed on both CD4 + and CD8 + T cells upon activation (Figure 1 ). Seminal studies in the early 1990s described the therapeutic blockade of this pathway using an immunoglobulin (Ig) fusion protein, CTLA-4-Ig ('abatacept' , a CTLA-4 Ig reagent used to treat auto immunity), which binds to CD80 and CD86 and thereby blocks both activating CD28 signals and inhibitory CTLA-4 signals, 1, 3 in models of transplantation and autoimmunity. [3] [4] [5] [6] Data from a myriad of studies in the ensuing years revealed further mechanistic insights regarding the effect of CD28 and CTLA-4 blockade on antigen-specific T-cell responses. For example, cell death pathways were shown to be critically involved in T-cell tolerance induced by CD28 and CTLA-4 blockade. 7 CD28 and CTLA-4 blockade effectively inhibits naive antigen-specific CD4 + T-cell responses, 8, 9 but incompletely controls the expansion of antigen-specific CD8 + T-cell responses. 8 In addition, CD8 + memory T-cell responses in both murine and nonhuman primate models are, in most cases, independent of the CD28 pathway during recall immunity. [10] [11] [12] [13] Initial studies using total CD4 + T cells to study CD4
+ memory T-cell responses indicated that these cells were effectively attenuated after CTLA-4-Ig administration, 10, 14 but a subsequent in-depth analysis of the effect of co-stimulation blockade on individual CD4
+ T helper-cell subsets has suggested a resistance of IL-17 secreting CCR6 + memory type 17 T helper cells (T H 17) cells to CD28 and CTLA-4 blockade (effectively, abatacept inhibits the responsiveness of the total population, but a subset of cells is resistant to this inhibition). 15 Furthermore, the initial antigen-specific T-cell precursor frequency was shown to be an important factor in determining the effectiveness of CD28 and CTLA-4 blockade in a murine model of transplantation, 16 suggesting that patients with an initially high precursor frequency of autoreactive or alloreactive T cells (as is often the case with poor major histocompatibility complex donor and recipient matching), might be particularly refractory to treatment with CD28 and CTLA-4 blockade.
Clinical trials for targeting autoimmunity
Given the promising results of CD28 and CTLA-4 blockade in small animal models, strategies to target this pathway were developed in clinical trials for the treatment of autoimmunity. In 2005, abatacept was approved by the FDA for the treatment of rheumatoid arthritis (RA). Clinical trials revealed improvements of RA symptoms in patients treated with abatacept. 17, 18 Investigators of a seminal study concluded that treatment with abatacept significantly improves symptoms and health-related quality of life in patients with active RA who also receive methotrexate. 18 Abatacept is now used as a promising therapy for RA with excellent safety profiles.
A subsequent randomized, double-blind, placebocontrolled clinical trial in type 1 diabetes mellitus revealed that co-stimulation modulation with abatacept (measured by residual C-peptide levels) slowed loss of β-cell function over 2 years. 19 Interestingly, the beneficial effect of inhibiting T-cell co-stimulation using abatacept observed in this trial has taught us that T-cell activation in
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Abatacept was also evaluated in a clinical trial of allergen-induced airway inflammation. The investigators in this placebo-controlled randomized trial concluded that treatment with abatacept did not alter the inflammatory response to allergen challenge, or improve clinical symptoms in people with mild atopic asthma. 20 Similarly, early phase clinical trials of abatacept in patients with multiple sclerosis or ulcerative colitis also showed no efficacy in ameliorating disease symptoms. [21] [22] [23] Taken together, these results suggest that the T-cell responses elicited by specific autoimmune diseases are differentially susceptible to abatacept. Indeed, abatacept might, in fact, be efficacious in the treatment of type 1 T helper cell (T H 1)-mediated autoimmune diseases, such as RA, but less so in the treatment of type 2 T helper cell (T H 2), or T H 17-mediated autoimmune diseases, such as asthma (T H 2-mediated), multiple sclerosis (T H 17-mediated), and ulcerative colitis (T H 17-mediated).
Preventing transplant rejection
Early preclinical studies using abatacept in non human primate models of renal transplantation demonstrated a failure to adequately prolong graft survival owing to incomplete blockade of CD80 and CD86. 24 Further modification of the CTLA-4-Ig protein aimed to decrease the dissociation rates of this reagent from both CD80 and CD86. These modifications resulted in LEA29Y ('belatacept' , a CTLA-4 Ig reagent used, to date, exclusively for patients undergoing transplantation), a second-generation derivative of CTLA-4-Ig that contains two amino acid substitutions. Subsequent research revealed this agent to be 10-fold more potent in vitro, and a more effective inhibitor of renal transplant rejection than abatacept. 24 The promising results from belatacept administration in pre-clinical nonhuman primate studies of renal transplantation led to clinical trials of belatacept for the prophylaxis of renal allograft rejection in the mid-2000s. 25 The efficacy of this reagent was tested in an open-label, randomized multi-centre phase III trial that demonstrated superior function of renal transplants, and reduced metabolic and cardiovascular toxicities in the patients treated with belatacept compared to the patients treated with calcineurin inhibitor (CNI). However, patients treated with belatacept experienced a higher incidence and severity of acute rejection episodes 1 year after transplantation than those patients treated with CNI. 26 The results from studies in murine and nonhuman primate models, and in vitro analyses of human cells, have indicated that this breakthrough rejection is likely to be mediated by CD8 + memory T cells, 10, 27 or by CD4 + T H 17 cells. 15, 28 Selectively targeting CD28 Despite the higher incidence of acute rejection episodes in patients who receive belatacept compared with patients who receive CNI therapy, the use of belatacept in CNI-sparing immunosuppressive regimens can improve both metabolic and cardiovascular profiles-both of which can lead to death-of renal transplant recipients. 29 In addition, patients treated with belatacept still exhibit superior kidney function compared with CNItreated individuals, despite the increased incidence of acute rejection. Therefore, the reduced nephrotoxicity afforded by CNI-sparing regimens might outweigh the potential negative impact of acute rejection. 29 Long-term follow-up studies of patients treated with belatacept will be important in this regard. However, the immunological effectiveness of the current co-stimulation blockade approaches can clearly be improved and, to this end, the strategy of combined CD28 and CTLA-4 blockade is being re-evaluated.
At a mechanistic level, belatacept binds to CD80 and CD86 on APCs and blocks both CD28 and CTLA-4-mediated signals, 1, 24 inhibiting both co-stimulatory and co-inhibitory signals in responding T cells. Blocking CTLA-4-mediated co-inhibitory signals could detract from the overall goal of attenuating alloreactive T cell responses, in that CTLA-4 signals activate T regulatory (T REG ) cells and enhance expression of IDO (Indoleamine 2,3-dioxygenase), a tryptophan catabolizing pathway implicated in the inhibition of T-cell responses. [30] [31] [32] Furthermore, CD80 binding to PD-L1 (programmed cell death 1 ligand 1) also inhibits T-cell activation ( Figure 1 ), and this negative regulatory pathway would be blocked by CTLA-4-Ig. 33 Thus, at least conceptually, selective blockade of CD28 might alter the balance of costimulatory and co-inhibitory molecules engaged during T-cell activation, ultimately improving control of effector differentiation while promoting exhaustion (a process in which T cells gradually lose the ability to divide), making cytokines, and promoting cytolysis and T REG cell-mediated suppression ( Figure 2 ). Indeed, selective CD28 blockade was attempted in the phase I trial of the agonistic anti-CD28 monoclonal antibody, TGN1412. 34 The use of TGN1412 in the trial, however, resulted in massive T-cell activation and a 'cytokine storm'-a potentially fatal immunological reaction-in all six of the patients in this early trial, highlighting the complexities of developing CD28-specific blocking reagents. 35, 36 Subsequent advances in the production of novel domain antibodies, in which the Fc portion is completely removed, have permitted the development of novel blocking, nonactivating reagents that can safely and specifically block CD28 co-stimulatory signals, while leaving CTLA-4 co-inhibitory signals intact. Along these lines, research in a murine model has shown that the allograft-prolonging effects of selective CD28 blockade with sc28AT, a mono valent CD28-specific fusion antibody, were CTLA-4 dependent, 37 providing experimental evidence that blockade of coinhibitory CTLA-4 signals using CTLA-4-Ig can contribute to incomplete allo reactive T-cell blockade and limit the effectiveness of this drug under some conditions. Translational studies indicated that sc28AT modestly prolongs cardiac and renal allograft survival in a nonhuman primate model (therapy was more effective in combination with CNI than when used as a monotherapy) 38 and more effectively retains and promotes Foxp3 + T REG cell function. Thus, continued investigation of this pathway might provide the opportunity for further optimization of the therapeutic targeting of the CD28 pathway in transplantation.
Targeting activated T cells: ICOS and ICOS-L
Another member of the immunoglobulin super family of co-stimulatory molecules that has been targeted therapeutically in autoimmunity and transplantation is the inducible T-cell co-stimulator (ICOS) protein. 39 Unlike CD28, ICOS is not expressed on resting CD4 + or CD8 + T cells but is rapidly upregulated upon T-cell activation. 40 ICOS is ligated by ICOS ligand (ICOS-L, B7-h2), and can deliver additional co-stimulatory signals to further enhance T-cell activation and differentiation into cytokine-producing effector cells. The expression of ICOS mRNA requires binding of the Jun/Fos hetero dimer, AP-1, 41 and is regulated by Roquin (probable E3 ubiquitin-protein ligase Roquin), which limits ICOS expression by promoting the degradation of ICOS mRNA. 42 A complex relationship exists between the ligands for CD28 and ICOS, in that CD28 can also bind to ICOS-L in humans (albeit with lower affinity than ICOS binds to ICOS-L) (Figure 1) . 43 The implications of the interaction of these pathways warrant further study.
Research using ICOS blockade in models of autoimmunity revealed that co-stimulation through ICOS was actually required for T-cell pathogenesis in experimental autoimmune encephalomyelitis and the develop ment of type 1 diabetes in NOD mice (nonobese diabetic mice-an animal model of type 1 diabetes), 44 and that ICOS blockade could be efficacious in inhibiting ongoing activated T-cell responses during auto immunity. 45, 46 Likewise, transplant models have revealed that ICOS-mediated signals are crucial for the development of both acute and chronic rejection. 47, 48 In murine models of transplantation, ICOS antagonism synergized with CTLA-4-Ig to inhibit the effector function of donor-reactive memory T cells and prolong graft survival 49 ( Figure 3 ). Inhibition of ICOS interactions can also ameliorate autoimmune diseases with an antibody-mediated component, such as systemic lupus erythematosus and RA, by interfering with the function of ICOS-expressing follicular T helper cells. 50, 51 Furthermore, we identified that an important differential effect of selective CD28 blockade compared with CTLA-4-Ig is that selective CD28 blockade results in a profound downregulation of ICOS when compared with untreated or CTLA-4-Ig treated cells, and more effectively inhibits graft rejection in in vivo murine models as compared to CTLA-4 Ig (D. Liu and M. L. Ford, unpublished data). Emerging evidence also suggests that ICOS is critical for the differentiation and co-stimulation of T H 17 responses. [52] [53] [54] Taken together, these findings are clinically relevant in that, as discussed above, pre-existing memory CD8 + T cells and CD4 + T H 17 cells might be refractory to the effects of CD28 blockade and mediate breakthrough rejection in recipients treated with CTLA-4-Ig. Thus, these results suggest that adjunct immunomodulatory reagents could attenuate these responses with therapeutic benefit.
TNF family members
CD154 and CD40 blockade Targeting the CD154 (CD40 ligand) and CD40 (tumour necrosis factor receptor superfamily member 5) pathway is a powerful means of attenuating autoreactive and alloreactive immune responses. 55, 56 For example, early transplantation and autoimmunity research in NOD mice using an anti-CD154 monoclonal antibody (mAb) revealed a decrease in CD4 + and CD8 + T-cell activation, and in subsequent research, an induction of antigenspecific induced T REG cells. [57] [58] [59] These results suggest that CD154/CD40 pathway blockade may both inhibit effector T-cell responses as well as enhance T REG cell-mediated immune suppression. Despite these promising preclinical studies, to date, this pathway has not been applied clinically owing to the fact that early clinical trials of Fc-intact CD154 antagonists resulted in unanticipated thromboembolic complications associated with the expression of CD154 on platelets. 60 The mechanisms by which CD154 antagonists induce such profound immunomodulation of allospecifc T-cell responses remain controversial. In 2001, Monk and colleagues reported that the tolerogenic effects of an anti-CD154 mAb were both Fc-receptor-dependent and complement-dependent because long-term graft survival in Fc-receptor-deficient or complement deficient animals could not be induced. 61 However, researchers later suggested that antibody-mediated deletion of CD154-expressing alloreactive cells was not the primary mechanism by which anti-CD154 mAbs induced graft survival. Several reports in both mouse and nonhuman primate models documented the ability of nondepleting anti-CD40 blocking antibodies to exert similar effects to anti-CD154 mAbs. 62, 63 Daley and colleagues demonstrated that an aglycosylated form of an anti-CD154 mAb, which was less able to bind Fc receptors and activate complement, was able to prolong graft survival with a similar efficacy to the wild-type glycosylated form. 64 In 2013, we reported on the production and efficacy of a clinically translatable Fc-silent anti-CD154 domain antibody. 65 This reagent was generated by fusing a human anti-mouse CD154 Vκ domain antibody to a mutated mouse IgG1 Fc (D265A) to abrogate FcγR interactions and complement activation. [66] [67] [68] A similar efficacy and ability of this antibody to attenuate donor-reactive CD8 + T-cell responses, and induce the expansion of a population of graft-specific induced T REG cells compared to traditional Fc-intact anti-CD154 mAbs, was reported. 65 Collectively, these results have contributed to a resurgence in the interest in therapeutic targeting of the CD154 and CD40 pathway.
Given the emergence of clinically applicable reagents that block both CD40 and CD154, we now need to better understand the roles of CD154 expressed on dendritic cells and CD40 expressed on CD8 + T cells, and the effect of these pathways on transplant acceptance, or amelioration of autoimmunity. The current dogma is that the CD154 and CD40 pathway contributes to an enhancement of cellular immune responses by virtue of an interaction between CD154 expressed on activated antigen-specific CD4 + T cells and CD40 expressed on dendritic cells. [69] [70] [71] CD40 signalling into dendritic cells thereby transmits a signal to activate the APC, which results in upregulation of CD80, CD86, and other costimulatory molecules for the optimal stimulation of CD8 + antigen-specific T-cell responses. 72 However, new aspects of CD154 and CD40 biology are unfolding, including a newly appreciated role for CD154 expressed on dendritic cells, 73 and studies in models of pathogen infection and autoimmunity suggesting that CD40 might also be expressed on activated T cells. [74] [75] [76] In a model of transplant rejection, we have also shown that CD40 deficiency on all APCs (donor and host) did not recapitulate the effects of treatment with an anti-CD154 mAb, thus indicating a potentially similar effect for alloreactive T-cell responses. 77 Remarkably, graft survival was prolonged, and the donor-reactive CD8 + T-cell response was attenuated in recipients in whom only the donorreactive CD8 + T cells were deficient in CD40. 77 These results suggest that in the setting of transplantation, CD40 functions in a cell-intrinsic manner to augment donor-reactive CD8 + T-cell responses. On the basis of these advances in our understanding of the biology of CD154 and CD40 pathway blockade, and technological developments in the generation of potentially clinically translatable reagents for targeting this pathway, a number of translational studies with novel agonists against both CD154 and CD40 have emerged. Early studies of CD40 blockade employed CD40-depleting reagents that functioned at the level of depleting APCs in vivo. 63, 78, 79 Nondepleting CD40 blockade agents have now been developed that show efficacy in nonhuman primate models of bone marrow, islet, and renal transplantation. [80] [81] [82] [83] [84] [85] [86] [87] These studies further solidify the notion that pathway blockade, and not antibodymediated depletion of CD40-expressing cells, underlies the therapeutic effect of these reagents. A phase IIa clinical trial (NCT01780844) of the anti-CD40 monoclonal antibody, ASKP1240, in renal transplantation is currently underway. The results of this trial will be very informative in evaluating the potential of harnessing this pathway to improve clinical outcomes in transplantation, and potentially autoimmunity.
The OX40 and OX40L pathway
The tumour necrosis factor (TNF) receptor family member, OX40, has also been shown to have a key role in the survival and homeostasis of effector and memory T cells in transplantation and autoimmunity. OX40 is not expressed by resting T cells, but is upregulated reasonably late after T-cell activation. OX40 is ligated by OX40L when activated T cells bind to APCs. 88 Quantitative and qualitative aspects of antigen-specific T-cell responses, including cytokine production, cytolytic function, expansion, and survival, are augmented by OX40-mediated co-stimulatory signals. 88 In particular, research indicates that donor-reactive memory T cells, which are resistant to CD28 and CD154 blockade in murine models of transplant rejection, are sensitive to OX40 blockade, 89 thus supporting the idea that the OX40 pathway might be a promising therapeutic target for the attenuation of memory T-cell-mediated rejection (Figure 3 ). An additional interesting aspect of OX40 biology is the accumulating evidence that OX40 signals are critical for controlling the suppressive capacity of Foxp3 + T REG cells. For example, ligation of OX40 on Foxp3
+ T REG cells results in a loss of the ability of the Foxp3 + T REG cells to suppress effector T-cell proliferation and IFN-γ production, and precipitates allograft rejection, 90 thus implicating OX40 as an important negative regulator of Foxp3 + T REG cell activity . However, OX40 is perhaps best appreciated for its critical role in the development of airway inflammation and asthma. OX40-knockout mice exhibit reduced lung inflammation and airway hyper-reactivity compared with wild type control mice, 91 possibly because of the requirement for OX40 in the development of allergenic T H 2 and type 9 T helper cell (T H 9) responses. 92 This work highlights the importance of OX40 in the development of allergic asthma, and indicates that targeting OX40 could prove therapeutically useful. To date, one clinical trial (a phase II study, NCT00983658) has been completed using a humanized anti-OX40L mAb (oxelumab) for the prevention of allergen-induced airway inflammation and disease in adults with mild asthma, although the results have not yet been reported. If oxelumab is beneficial to patients with mild asthma, this trial would spur the development of OX40L blockers for other indications in transplantation and autoimmunity. However, clinical trials of abatacept have taught us that distinct autoimmune pathologies might be differentially responsive to inhibition of individual co-stimulatory pathways and that assessment of OX40L blockers in patients with other autoimmune diseases and transplantation is warranted.
Adhesion molecule blockade
Other co-stimulatory pathways, including adhesion molecule pathways, have also been therapeutically targeted in transplantation and autoimmunity. In addition to the ability to deliver co-stimulatory signals into responding T-cell populations, these receptors are intimately involved in the trafficking of activated autoreactive or alloreactive T cells into sites of inflammation.
Preventing trafficking and effector function
The best studied of the adhesion molecule pathways is the LFA-1 (Lymphocyte function-associated antigen 1, a hetero dimer of integrin alpha-L [CD11a] and integrin beta-2 [CD18]) pathway. LFA-1 is constitutively expressed on both CD4 + and CD8 + T cells but its expression is increased upon activation and remains high on memory T cells. 93 Originally identified as a critically important mediator of T-cell cytolytic function, LFA-1 is now recognized as an important factor in the immunological synapse (the interface between the target cell and the lymphocyte), where it localizes to the centre of the supramolecular activation cluster and stabilizes the transmission of T cell receptor-mediated signals. 94 In addition, binding of LFA-1 to its ligand ICAM (intercellular adhesion molecule) on inflamed endothelial cells results in the transmigration of activated T cells into sites of inflammation. Interruption of LFA-1 interactions can also blunt natural killer cell responses by inhibiting cytolytic activity. Blockade of these interactions is effective in inhibiting both priming of naive autoreactive and allo reactive T-cell responses, preventing rejection of allogeneic heart grafts, and the development and progression of type 1 diabetes. 93 LFA-1 antagonism has also been demonstrated in murine transplant models to inhibit both the trafficking and effector function of donor-reactive memory T cells 95, 96 ( Figure 3 ) that are resistant to blockade of both the CD28, and CD154 and CD40 pathways. For this reason, LFA-1 antagonism is a clinically attractive, especially for use in highly sensitized individuals, such as patients undergoing a repeat transplant, or those individuals with high numbers of memory T cells owing to a persistent inflammatory state associated with chronic kidney disease, or underlying autoimmunity.
Translational research in nonhuman primate models has confirmed the hypothesis that LFA-1 antagonism can effectively inhibit donor-reactive memory T-cell populations, and thereby confer a therapeutic advantage. [97] [98] [99] In a rhesus macaque model of alloislet transplantation, LFA-1 antagonism synergized with belatacept, and prolonged graft survival. 99 Associated in vitro analyses confirmed an inhibitory effect on the CD8 + memory T-cell compartment. 99 In most studies, LFA-1 antagonism is not 'tolerance-inducing' , meaning that weaning patients off the drug invariably leads to allograft rejection. However, the combination of LFA-1 antagonism in the presence of sirolimus (also known as rapamycin) can lead to prolonged graft survival even after cessation of all immuno suppression. 99 This observed long-term graft survival could have been the result of an increased frequency or functionality of Foxp3 + T REG cells, as both LFA-1 antagonism and sirolimus have been shown to have pro-T REG cell effects, by increasing the ratio of T REG cells to effector T cells in secondary lymphoid organs, and enhancing the survival of T REG cells, respectively, 100, 101 although more work is needed to confirm this hypothesis.
The LFA-1 antagonist, efalizumab, was successfully translated into the clinic, first for the treatment of plaque psoriasis, 102, 103 where it was used successfully for a number of years. Efalizumab has also been studied in pilot clinical trials of renal and islet transplantation (NCT00737763, NCT00672204, NCT00729768). [104] [105] [106] These trials revealed promising results in terms of preventing graft rejection. In the two islet transplant trials, 100% of the patients treated with efalizumab maintained insulin independence for the duration of treatment. Interestingly, the investigators of one study also noted a striking T REG cell signature in patients treated with efalizumab in combination with sirolimus-the number of T REG cells in peripheral blood was dramatically increased in all six patients monitored, relative to T REG cell levels before transplantation, 105 again suggesting a very interesting biology with regard to the effect of LFA-1 antagonism on T REG cells. These results support the hypothesis that LFA-1 antagonists might be effectively paired with sirolimus in order to enhance T-cell regulation and inhibit rejection. Unfortunately, further development of efalizumab in transplantation, and its clinical use for psoriasis, was halted when the drug was withdrawn from the market after three of ~40,000 treated patients (0.008%) presented with progressive multifocal leukoencephalopathy-a rare but potentially fatal JC polyomavirus-associated disease. 107, 108 While the future of clinical development of LFA-1 antagonists remains uncertain, the large number of patients treated with LFA-1 antagonists combined with an adverse effect profile not dissimilar to those immunosuppressants already in clinical practice suggests that, for transplantation in particular, blockade of the LFA-1 pathway could be an efficacious and safe method of attenuating transplant rejection, while avoiding the nephrotoxicity and other adverse effects associated with current CNIbased immunosuppressive regimens. In order to assess LFA-1 pathway blockade and its potential utility for the attenu ation of pathological immune responses, we must increase our understanding of the mechanisms of action of LFA-1 blockade, particularly with regard to effects on T REG cells and donor-reactive memory T cells.
Targeting CD2 and LFA-3 interactions
Co-stimulatory and adhesion molecule blockade strategies have also targeted CD2 (T-cell surface antigen CD2) and LFA-3 (lymphocyte function-associated antigen 3) interactions. Like LFA-1, CD2 is constitutively expressed on both CD4 + and CD8 + T cells but is increased upon activation, 109 and is more highly expressed on effector memory T cells than on central memory T cells. 110 Effector memory cells are those that constantly traffic through peripheral tissues and are poised to rapidly exert effector function upon encounter with cognate antigen, and thus might represent the first wave of effector cells during an immune attack on a transplanted organ. Also, like LFA-1, ligation of the CD2 receptor has multiple effects including direct transmission of costimulatory signals as well as facilitating T cell to APC adhesion. 111, 112 In vitro mechanistic research revealed that inhibition of CD2 and LFA-3 interactions using an LFA-3 fusion protein (alefacept) preferentially targeted CD2 hi memory T cells, which produce and express more CD2 (Figure 3) , and inhibited the proliferation of belatacept-resistant CD8 + memory T cells. 113 Alefacept has been successfully used clinically to treat plaque psoriasis mediated by effector memory T cells, 114, 115 and the results from translational studies in nonhuman primate models of renal transplantation indicate that alefacept synergizes with belatacept and anti-CD154 mAb in prolonging allograft survival. 110 However, subsequent research in anti-CD154-sparing models of both renal and islet allotransplantation revealed no additional beneficial effect of alefacept over belatacept and sirolimus alone. 116, 117 In fact, the addition of alefacept was associated with an increase in the incidence of cyto megalovirus reactivation and afforded no benefit in terms of graft survival. 116, 117 Clearly, an improved understanding of CD2 biology in transplantation and auto immunity is needed, and further preclinical mechanistic studies are required in order to ascertain the utility of CD2 blockers in the antirejection armamentarium.
Synergistic effects
A number of studies, many of which have been mentioned above, have provided evidence that simultan eous blockade of multiple co-stimulatory pathways leads to more efficacious inhibition of autoreactive and alloreactive T-cell responses, and better outcomes in experimental models of autoimmunity and transplantation than inhibition of any one pathway alone. In particular, research in murine models of both transplantation (skin and heart) 6 and autoimmunity (type 1 diabetes), 118 and nonhuman primate models of transplantation (renal and islet), 83, 119, 120 has revealed that combined blockade of the CD28, and CD154 and CD40 pathways results in superior outcomes relative to blockade of either pathway in isolation. The FDA approval of belatacept has thus spurred interest in developing a clinically translatable strategy to inhibit the CD154 and CD40 pathway in order to harness this synergy to achieve maximum benefit in clinical application. At a mechanistic level, work from our group now indicates that, whereas classical natural T REG cells are reduced after treatment with CTLA-4-Ig, frequencies of CD154 blockade-induced antigen-specificinduced T REG cells are actually enhanced in the presence of CTLA-4-Ig. 65 This work provides at least one mechanism by which blockade of these two pathways synergizes in inhibiting T-cell activation and effector function.
Synergistic increases in efficacy are also observed after blockade of additional co-stimulatory pathways. Blockade of CD28 and ICOS pathways synergize in preventing effector function of donor-reactive memory T cells. 49 Blockade of OX40 signalling synergizes with blockade of the CD28 and CD154 pathways in preventing T-cell activation and prolonging graft survival. 121 LFA-1 antagonism has also been shown to synergize with both CD28 99 and CD154 blockade alone, 122, 123 and combined CD154 and CD28 blockade 96, 124 to inhibit memory T-cell activation in models of type 1 diabetes and transplantation. The observed synergistic effects of blocking multiple co-stimulatory pathways is likely to be indicative of the redundancy that exists within T-cell co-stimulatory mechanisms-blockade of multiple pathways with overlapping effects will be required in order to maximize efficacy and improve outcomes clinically.
Future research
While each of the co-stimulation pathways described in this Review attenuates autoreactive and alloreactive T-cell responses by blocking the signals required for optimal activation and differentiation, most have shown efficacy only under conditions in which the drug is administered continuously, with the re-emergence of pathological immune responses (such as autoimmunity or graft rejection) with cessation of treatment. However, the original hypothesis held that co-stimulatory signal blockade invoked during the initial antigen encounter would enable the deletion, or induction, of a permanent state of anergy selectively in antigen-specific T cells. Under these conditions, the remainder of the T-cell repertoire would be left fully functional, thereby maintaining immune competence against microbial antigens. 125 However, the emergence of new thymic emigrants months after cessation of therapy would potentially break this tolerant state and result in graft rejection, or the return of autoimmunity. With these issues in mind, several groups have attempted haematopoietic stem cell transplantation under the cover of co-stimulation blockade with the idea that durable mixed chimerism would facilitate the continuous negative selection of alloreactive T cells in the thymus and, thus, allow a permanent state of tolerance via this central tolerance-based mechanism. [126] [127] [128] This therapeutic strategy continues to be actively investigated, although whether the induction of haematopoietic chimerism is either necessary, or sufficient, for the establishment of the tolerant state remains controversial.
In the absence of haematopoietic stem cell transplantation and the establishment of mixed chimerism, blockade of the majority of the pathways discussed above has resulted in prolonged graft survival but failed to induce tolerance. One notable exception is the CD154 and CD40 pathway-the blockade of which has been shown in some mouse models to induce long-term allograft survival after cessation of treatment. [129] [130] [131] [132] [133] Data from numerous studies show that blockade of the CD154 and CD40 pathway is associated with an expansion of Foxp3 + T REG cells that traffic to the graft, 57, 58, [134] [135] [136] and that Foxp3 + T REG cells are required for the establishment and maintenance of tolerance. 135 In addition, CD154 and CD40-induced tolerance can be transferred to a naive recipient who has never received CD154 or CD40 blockade by adoptively transferring CD4 + Foxp3 + T cells. 136 Interestingly, evidence now suggests that, whereas inflammatory cytokines elicited after pathogen infection can break this tolerance, once infection is cleared and the host can accept a repeat graft from the same donor, tolerance is spontaneously re-established. 132, 133 Blockade of the CD154 and CD40 pathway, in particular, has the potential to induce tolerance through peripherallyinduced T REG cell-based mechanisms in immunologically naive mice. However, tolerance after CD154 and CD40 blockade is not induced in all models, including models of skin transplantation in naive animals, 58 transplantation into immunologically experienced hosts, 137 and, importantly, in nonhuman primate models of kidney and islet transplantation. 83, 84 Improved understanding of the mechanisms underlying the immunological nonresponsiveness observed after blockade of this pathway is required for translational research in large animal models and, ultimately, clinical application.
Conclusions
As evidenced by the panoply of receptors expressed, either constitutively or upon activation, co-stimulatory molecules clearly have the potential to critically effect and shape the magnitude and character of resulting autoreactive or alloreactive T-cell responses. Whereas this Review focuses on the well-investigated co-stimulatory pathways, much less is known about many other pathways ( Ultimately, understanding the interplay between individual co-stimulatory and co-inhibitory pathways engaged during T-cell activation and differentiation might lead to rational and targeted therapeutic interventions in order to attenuate unwanted T-cell responses and improve outcomes in autoimmunity and transplantation.
Review criteria
The articles on which this Review is based were selected by searching the PubMed database; all years covered in the database were included. Search terms used were the following: "CTLA-4 Ig autoimmunity", "CTLA-4 Ig transplantation", "CD154 autoimmunity", "CD154 transplantation", "ICOS autoimmunity", "ICOS transplantation", "OX40L autoimmunity", "OX40L transplantation", "LFA-1 autoimmunity", "LFA-1 transplantation", "alefacept autoimmunity" and "alefacept transplantation". To identify clinical trials the 'clinical trial' filter in PubMed was used. References selected for further perusal were in English and full-length articles (not abstracts). After selecting and reading individual papers identified by these search terms, additional manuscripts referenced within these works were reviewed, and some of those manuscripts are referred to in this article as well.
